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Abstract

The classic 18.5 kDa isoform of myelin basic protein (MBP) is central to maintaining the
structural homeostasis of the myelin sheath of the central nervous system. It is an intrinsically
disordered, promiscuous, multifunctional, peripheral membrane protein, whose conformation
adapts to its particular environment. Its study requires the selective and complementary application
of diverse approaches, of which solution and solid-state NMR spectroscopy are the most powerful
to elucidate site-specific features. We review here several recent solution and solid-state NMR
spectroscopic studies of 18.5 kDa MBP, and the induced partial disorder-to-order transitions that it
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has been demonstrated to undergo when complexed with calmodulin, actin, and phospholipid
membranes.
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Introduction

Multiple transcription start sites and differential exon splicing of the genes of the
oligodendrocyte lineage (Golli) produce several developmentally regulated size isomers of
the myelin basic protein (MBP) family (Pribyl et al. 1993; Givogri et al. 2000; Campagnoni
and Campagnoni 2008). The 18.5 kDa isoform of classic myelin basic protein (herein
referred to as MBP, with murine sequence numbering) is the predominant isoform found in
mature central nervous system myelin, and serves as our familial prototype. Its primary
function in vivo (it is primarily peripheral membrane associated) is to facilitate and maintain
the compaction of the mature myelin sheath of the central nervous system (CNS) (Boggs
2006). In addition, MBP may link the cytoskeleton and the oligodendrocyte membrane, and
potentially both to SH3 domain containing proteins (Boggs 2008; Polverini et al. 2008;
Harauz and Libich 2009; Homchaudhuri et al. 2009), associations that may be modulated by
calmodulin (CaM) (Libich et al. 20036; Polverini et al. 2004). Other proposed functional
roles include signal transduction during myelin development (DeBruin and Harauz 2007) or
repair (Moscarello et al. 1997), and participation in molecular recognition and networking
events (Boggs 2006; Homchaudhuri et al. 2009). Extensive post-translational modifications
create a dynamic molecular barcode to regulate the protein’s targeting, and its association
with a diversity of other proteins and ligands (Harauz et al. 2004; Boggs 2006; Harauz et al.
2009; Harauz and Libich 2009). Aberrant post-translational modifications of MBP are linked
to the pathophysiology of the demyelinating disease multiple sclerosis (Moscarello et al.
2007; Musse and Harauz 2007; Musse et al. 2008). It is this vibrant, multifunctional context
in which structural studies of MBP need to be considered. Here, we review some recent
results of our complementary solution and solid-state NMR spectroscopic investigations of
18.5 kDa MBP in specific contexts, namely in association with calmodulin, actin, and lipids.

Intrinsic disorder and MBP

All members of the MBP family can be classified as intrinsically disordered proteins (IDPs)
(Harauz et al. 2004; Dunker et al. 2008). Strictly speaking, however, MBP contains
alternating regions of predicted disorder and order (Libich and Harauz 20084). Structurally,
IDPs lack a stable hydrophobic core and exist as an ensemble of interchangeable
conformations that exhibit dynamic ¢ and y angles (Fink 2005; Dyson and Wright 2006).
Although often referred to as “random coil”, IDPs do not behave as true random coils, since
they have an inherent propensity to form localized, ordered, secondary structure elements
(Shortle 2002). These regions in IDPs are often transient in nature, and are highly dependent
on environment, such as the type of solvent or the presence of binding partners (e.g., other
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proteins or small molecules) and (or) interacting surfaces (e.g., phospholipid membranes)
(Liu et al. 2006; Tompa et al. 2009).

Disordered proteins have multiple degrees of freedom in conformational searches, and can
regulate intermolecular distance upon association (Dyson and Wright 2005). Molecular
recognition is a concept whereby an IDP folds (or becomes more ordered) upon association
with its target, which effectively decreases its conformational entropy (Vacic et al. 2007).
This disorder-to-order transition serves to uncouple binding strength from specificity,
allowing for highly specific, yet readily reversible interactions (Mészaros et al. 2007; Mittag
et al. 2009; Wright and Dyson 2009). Thus, IDPs are able to adopt multiple conformations
in response to different, structurally diverse binding partners or external stimuli. This
property is referred to variously as promiscuity, moonlighting, or one-to-many signalling
(Dunker et al. 2001; Tompa 2005; Hazy and Tompa 2009), and is central to an IDP’s
function as a signalling or control hub protein (Dunker et al. 2008). These characteristics of
IDPs are all exemplified in MBP, which may be categorized partly as a structural linker, and
partly as an induced-fit protein target (Harauz and Libich 2009).

Nuclear magnetic resonance (NMR) spectroscopy of IDPs

Many different computational (e.g., sequence analysis, disorder predictors), biochemical
(e.g., enzymatic digestion), hydrodynamic (e.g., SEC (size-exclusion chromatography),
SAXS (small angle X-ray scattering), DLS (dynamic light scattering, sedimentation
analysis)), and spectroscopic (e.g., CD (circular dichroism), FTIR (Fourier transform
infrared), fluorescence, NMR (huclear magnetic resonance)) approaches have been used to
characterize the inherent level of residual structure of IDPs (Receveur-Bréchot et al. 2006;
Radivojac et al. 2007). In particular, NMR spectroscopy is the technique best able to provide
site-specific, atomic-level details on the conformation and dynamics of such proteins, alone
and in complex with other biomolecules (Eliezer 2009; Wright and Dyson 2009).

The basis of NMR spectroscopy is that nuclei with a nonzero magnetic moment can interact
with each other and their surroundings, yielding measurable correlations. In biomolecular
NMR spectroscopy, the active nuclei of interest are 1H, 3P, 15N, and 13C (Kanelis et al.
2001). The isotropic chemical shift (commonly referred to as chemical shift) is the primary
NMR observable, and reports on the specific environment of individual atoms in a molecule.
Furthermore, the lifetime of the excited state can be orders of magnitude longer in NMR
than in other spectroscopic techniques, which allows for the assessment of dynamics over a
wide range of time-scales. As well, resonance frequency information may be transferred
between nuclei, a technique that forms the cornerstone of heteronuclear NMR experiments
(Rule and Hitchens 2006).

The ability of NMR spectroscopy to gather detailed, high-resolution information in a
dynamic context is particularly useful for the study of IDPs (Daughdrill et al. 2005; Eliezer
2009). Sequence-specific assignments of the observable resonances of isotopically labelled
proteins are accomplished through the use of a series of multidimensional, heteronuclear
correlation experiments (Kanelis et al. 2001). In contrast to well-folded proteins,
conformational averaging of IDPs results in poor chemical shift dispersion, which may be
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partially alleviated by the superior chemical shift dispersion of 13C” resonances (Yao et al.
1997). Nonetheless, overlapping peaks may not be unambiguously assigned, but even with
partial resonance assignments, valuable structural information may be surmised (Dyson and
Wright 2004).

The most accessible data for accessing secondary structure in proteins are chemical shifts,
primarily of 1He, 13C2, and 13CP, although chemical shift index (CSI) analysis has been
extended to all backbone nuclei (Wishart and Nip 1998; Schwarzinger et al. 2000). The 13ca
and 13CP chemical shifts are determined primarily by the  and y dihedral angles of the
peptide bond (de Dios et al. 1993). Coupled with the extensive tabulation of random coil
values for amino acids (Schwarzinger et al. 2001), sequence-corrected CSI plots offer a
picture of the residual secondary structure of an IDP. Moreover, the measurement of
backbone dynamics provides important insights into internal motions that identify regions of
compaction and (or) secondary structure in IDPs (Eliezer 2009). The relaxation parameters
(R1, Rs and the heteronuclear NOE (nuclear Overhauser effect); Jeener et al. 1979) for the
backbone amides of IDPs can be measured and expressed within the framework of the
model-free formalism, albeit with some caveats (Barbar 1999), and offer insights into the
conformational dynamics on fast (ps—ns) and slow (us—ms) time scales (Palmer 2004).

The conformational flexibility inherent to IDPs makes quantitative interpretation of
classically derived NMR structural restraints such as coupling constants or medium- and
long-range NOEs, ambiguous in many instances (Crowhurst et al. 2002). In some cases,
residual dipolar couplings (RDCs), have been used successfully to interpret the backbone
orientation and topology of IDPs, although caution should be used in choosing the aligning
medium for such studies (Shortle and Ackerman 2001; Bax 2003; Marsh et al. 2008). A
notable and versatile technique for assessing the conformation of IDPs is the use of a
sequence-specific paramagnetic probe such as the nitroxide spin label PROXYL (1-
oxyl-2,2,5,5-tetramethyl-3-pyrrolidinyl) (Gillespie and Shortle 1997). By comparing the
intensities or line widths between labelled and unlabelled samples, close contacts of the
polypeptide chain may be identified (Eliezer 2009).

Compare and contrast: solution and solid-state NMR spectroscopy

Experiments for solution-based NMR spectroscopy are much more developed and accessible
than for solid-state NMR (ssNMR) spectroscopy, and have hitherto been more widely
employed for protein structural studies (Kanelis et al. 2001). The fundamental difference
between solution and solid-state samples is the time scale and extent of molecular motions
of the proteins. In solution, molecules are able to tumble isotropically on a time scale that
eliminates anisotropic line-broadening mechanisms such as chemical shift anisotropy and
dipolar couplings. Thus, sharp and well-resolved lines are observed for all nuclei (*H, 13C,
and 15N). As the size of the molecule or complex increases, the overall tumbling rate
decreases, and the effects of these relaxation mechanisms are reintroduced into the spectrum.
Consequently, there is a fundamental size limit for solution NMR spectroscopy of
approximately 30 kDa. Specialized pulse sequences (e.g., TROSY (transverse relaxation
optimized spectroscopy)), combined with selective isotopic labelling schemes have extended
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the effective size of proteins that can be studied by solution NMR spectroscopy (Tugarinov
et al. 2004), but for many systems this size barrier remains.

In contrast to solution samples, the molecular motions in solid-state assemblies are either
absent or slow, and consequently magic angle spinning (MAS) is required to obtain high-
resolution spectra of 13C and 1N nuclei (Andrew et al. 1958). The lack of proton detection
in ssSNMR spectroscopy results in a serious loss of sensitivity, and must be overcome before
the technique can be widely applied to high-resolution structural studies of proteins
(Agarwal et al. 2006; Chevelkov et al. 2006). Although much effort can be invested in
mimicking a protein’s in vivo environment in solution samples, many proteins function as
parts of larger complexes or are embedded in the lipid bilayer—situations that are difficult or
impossible to replicate in solution. The real advantage of sSNMR over solution NMR
spectroscopy is that proteins can be reconstituted in environments that are more
representative of their native states, which is particularly important for IDPs that are so
structurally sensitive to their immediate surroundings (Libich and Harauz 20084).
Nonetheless, the powerful repertoire of solution NMR spectroscopic experiments currently
available means that the two approaches complement each other (e.g., Traaseth et al.
(2009)).

In this mini-review, we present three structural investigations of the 18.5 kDa MBP using
both solution and solid-state NMR spectroscopy (Zhong et al. 2007; Libich and Harauz
20084, Ahmed et al. 2009). There are distinct advantages for combining different NMR
methods to conformational analyses of this protein (Harauz and Ladizhansky 2008).
Although some MBP isoforms translocate between the cytoplasm and nucleus, the primary
in vivo environment of the 18.5 kDa isoform is peripherally associated with the cytoplasmic
leaflet of the oligodendrocyte membrane. Thus, it is impossible to prepare a sample of lipid-
associated MBP that would be amenable to solution NMR spectroscopy (Libich and Harauz
20084). Similarly, MBP binds and bundles actin to form large, filamentous assemblies. On
the other hand, the binding site of CaM on MBP is best elucidated using solution NMR
methods, since the sequence-specific high-resolution information needed is not easily
obtained with ssSNMR. Furthermore, interpretation of some of the sSNMR data can be aided
by having available the solution-based resonance assignments of MBP (Libich et al. 2004;
Libich et al. 2007).

Ca?*-CaM binds primarily to a C-terminal target on MBP

Myelin basic protein interacts with CaM in a specific, calcium-dependent manner, with a 1:1
stoichiometry, and with a dissociation constant of 144 + 76 nmol-L~1 (Libich et al. 20035).
Initial studies suggested that CaM bound to a predicted target site at the C-terminus of MBP,
until a deletion mutant lacking this region also demonstrated CaM binding (Libich and
Harauz 2002; Libich et al. 20034). A reduced charge variant of MBP was also shown to bind
CaM in a manner suggestive of a second binding site (Libich et al. 20036). Furthermore,
site-directed spin-labelling (SDSL) and electron paramagnetic resonance (EPR)
spectroscopic experiments indicated that residues along the entire length of MBP were
immobilized upon CaM association (Polverini et al. 2004). Taken together, these diverse
data suggested that there could be multiple binding sites for CaM on MBP.
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To definitively identify the CaM-binding target, solution NMR studies of the MBP:CaM
complex were undertaken (Libich and Harauz 20086). It is common in such interaction
studies to titrate an unlabelled version of one binding partner into a solution of a 15N-
labelled version of the other partner. In this way, the chemical shift perturbations of the
backbone amides may be tracked using a standard TH-1°N HSQC (heteronuclear single
quantum coherence) experiment, and the binding site thereby identified. However, we found
that there were severe problems with this routine approach in our study of MBP:CaM
binding. First, the conformational heterogeneity of MBP made it extremely difficult to add
CaM while limiting precipitation, even though the heterocomplex was relatively stable at
lower protein concentrations (Libich et al. 20034; Polverini et al. 2004). Secondly, the
relatively weak dissociation constant suggested that there was an equilibrium condition
where multiple states of MBP (and CaM) could be present, thus further complicating the
observed spectra. For these reasons, the more time-consuming approach of resonance
assignment of the bound state of MBP was employed, the advantage being increased (and
reproducible) sample stability and the ability to control the equilibrium state of the system
(Libich and Harauz 20085).

Spectra of 1°N-CaM bound to unlabelled MBP showed chemical shift perturbations
involving residues primarily located in the EF-hand motifs and central linker region of CaM.
This result is consistent with what has been previously observed for CaM binding to various
other peptide targets, and did not indicate unfolding or precipitation (Hayashi et al. 2002).
Conversely, there were major chemical shift perturbations of 1°N-MBP in the presence of
unlabelled CaM, with approximately 40 cross-peaks shifted upfield in the 1H dimension and
downfield in the 15N dimension relative to 1°N-MBP alone (Fig. 1A). The three-dimensional
experiments (CBCA(CO)NH, CBCANH, and HCC(CO)NH) were analyzed using a
conventional backbone assignment strategy (Kay 1995) that identified over 94% of the
backbone resonances expected from MBP. The majority of the cross-peaks that displayed
large chemical shift differences were identified as hydrophobic residues (Phe, Tyr, and Leu)
dispersed throughout the peptide chain. This observation was consistent with the results of
the SDSL/EPR investigations of the MBP:CaM studies, which showed the greatest
immobilization of the spin label when it was placed near hydrophobic clusters on MBP
(Polverini et al. 2004). This effect could be indicative of either specific interactions, and (or)
the sequestering of hydrophobic residues from the bulk solvent. Indeed, the unbound portion
of MBP would be expected to retain considerable flexibility, and thus multiple hydrophobic
interactions could be expected (Mészaros et al. 2007).

The CaM-binding site on MBP was identified using a global analysis of HN, N, C%, and CP
chemical shifts of MBP in the bound and unbound states using the SSP (secondary structure
propensity) algorithm (Marsh et al. 2006) (Fig. 1B). Although large perturbations for HN-N
shifts were observed distributed throughout the peptide chain (as discussed above), there was
a clustering of perturbed shifts in the C-terminal region (Pro120-Arg160). Furthermore, 4
residues (Gly155, Gly156, Gly162, and Thrl147) displayed abnormally large chemical shifts
upon CaM binding (Fig. 1A).

The amphipathic a-helix represents a well-studied canonical target for CaM binding;
however, the recognized targets and modes of interaction are quite diverse (Hoeflich and
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Ikura 2002). Indeed, there is no specific requirement for a-helical formation in MBP upon
CaM binding, and this particular association may represent a different kind of disorder-to-
order transition. Although no fully formed secondary structure was identified by CSI
analysis in unbound MBP, there were several regions of increased stabilization that
coincided with relaxation measurements (Libich and Harauz 20086). Conversely, when
bound to CaM, the stabilized regions observed within MBP were redistributed, suggesting
that the source of stabilization was CaM. Particularly, the C-terminal region (containing the
aforementioned residues) showed an increased propensity for a-helix formation (Fig. 1B).
Collectively, these observations indicated that the primary interaction site for CaM was in
the C-terminal region of MBP. Future investigations using editing- or filtering-type pulse
sequences would serve to define the intra-molecular interactions more precisely (Lee et al.
1994), whereas isotope-editing experiments would provide information on intermolecular
associations (Folmer et al. 1995).

Association with actin stabilizes ordered secondary structure in MBP

Myelin basic protein is able to polymerize G-actin to F-actin (filaments) in vitro and
subsequently assemble F-actin into bundles, a function that is modulated by post-
translational modifications such as deimination and phosphorylation, and can be reversed by
the calcium-dependent binding of CaM to MBP, as recently reviewed in Boggs (2008). The
large filamentous complexes formed by F-actin associated with MBP are not amenable to
solution NMR techniques, and we have employed ssNMR spectroscopy (augmented by
Fourier transform infrared spectroscopy) to study the dynamics and formation of ordered
secondary structure in MBP in this assembly (Ahmed et al. 2009).

Cross-polarization (CP; Pines et al. 1973) MAS spectra revealed a temperature-dependent
differential mobility of MBP in the complex. Spectra recorded at lower temperatures (250
K) displayed broad peaks that were more intense than sharper peaks in the spectra recorded
at higher temperatures (Fig. 2A). Both the intensity and resolution of the resonances were
indicative of the molecular motions resulting from the conformational averaging of MBP in
association with F-actin. In contrast to the CP-MAS spectra, the intensity and resolution of
peaks arising from protein resonances in insensitive nuclear enhancement by polarization
transfer (INEPT; Morris and Freeman 1979) MAS spectra increased with increasing
temperature (Fig. 2A). These experiments established that even in complex with actin, MBP
remained conformationally heterogeneous, consistent with observations of MBP in complex
both with CaM and with phospholipid bilayers (Zhong et al. 2007; Libich and Harauz
20085).

To further assess the mobility, conformational heterogeneity, and secondary structure
formation of MBP bound to actin, a series of two-dimensional 3C-13C correlation spectra
were recorded using both through-bond (TOBSY (through-bond correlation spectroscopy);
Hardy et al. 2001) and through-space (DARR (dipolar-assisted rotational resonance;
Takegoshi et al. 2001) or SPC53 (Hohwy et al. 2002)) interactions as mechanisms to
establish molecular correlations. Through-space spectra acquired using either DARR mixing
(50 ms) or the shorter mixing time of SPC53 (1.26 ms) supported the conclusions derived
from the one-dimensional CP-MAS and INEPT-MAS spectra. At lower temperatures, most
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of the backbone—backbone, backbone — side chain, and side chain — side chain correlations
were observable, albeit with dramatically decreased resolution compared with spectra
recorded at higher temperatures. Because of the length of the DARR mixing scheme, it was
likely that multiple-bond and inter-residue correlations were observed in addition to single-
bond correlations. Using the shorter SPC53 mixing scheme, only one-bond correlations were
observed, but these cross-peaks were very broad, reflecting the conformational heterogeneity
of MBP in complex with actin. Thus, the increased mobility of MBP at elevated
temperatures caused the averaging of carbon—carbon dipolar interactions, in turn decreasing
the polarization transfer efficiency, and resulted in less intense but better-resolved spectra
than what was observed at lower temperatures.

Through-bond correlations using a TOBSY pulse sequence with an appropriately chosen
mixing time (8.4 ms) resulted in spectra displaying mainly one-bond correlations. Although
the resolution of these spectra was greater than in the through-space experiments, the
transfer efficiency was markedly different among the particular correlations. For example,
very weak C®—CP correlations and pronounced CP-CY correlations were observed for
threonine residues (Fig. 2B). Nonetheless, we were able to establish amino acid specific
correlations, assigning particular cross-peaks to specific residue types, and thus draw
conclusions about the stabilization of both a-helical and B-strand secondary structure
elements occurring in MBP upon association with actin.

Even without sequence-specific residue assignments, the information content of the TOBSY
spectra was sufficient to extract distinct chemical shift ranges for specific atoms of particular
amino acid types. Particularly well-isolated cross-peaks from the Ala C*~CB, Thr CP-C?,
and Pro/Val C2—CP regions were identified (Fig. 2C). The chemical shift ranges observed for
these cross-peaks were considerably more disperse than random coil values, and indicated
the formation of both a-helical and B-strand type secondary structure elements. For
example, the ranges of TOBSY-observed C and CP chemical shifts for Ala residues were
50.6-56.0 ppm and 17.8-22.0 ppm, respectively, which were considerably more dispersed
than the random coil shifts (52.7 + 0.7 ppm for C*, and 19.0 + 0.7 ppm for CP). Likewise,
similar dispersion was observed for the Thr and Pro/Val regions, and the presence of both
upfield and downfield chemical shifts was indicative of both a-helical and B-strand
secondary structure (Wishart and Nip 1998).

Solution NMR assignments of MBP dissolved in 100 mmol-L™1 KCI had reported chemical
shifts that were predominantly random coil in nature (Libich and Harauz 20084). In
particular, the KCI solution chemical shifts of the 11 alanines’ C® or 10 threonines’ CP
nuclei were predominantly near random coil values, in stark contrast to the 5-6 ppm
dispersion observed for these resonances in the TOBSY spectra of MBP:actin (Fig. 2C).
This observation unambiguously demonstrated the presence of ordered secondary structure
in actin-bound MBP. Extending this comparison, the probable locations of the secondary
structure elements formed in actin-bound MBP could be determined. Of the 11 alanines, 5
are located in the N-terminal (residues Alal-Ala49) and 6 are in the C-terminal segment
(Alal15-Arg168) of MBP. Similarly, 7 threonines are located in the N-terminal (Thrl5—
Thr77) and 1 in the C-terminal (Thr147) segment, whereas the remaining 2 (Thr92 and
Thr95) are centrally located in the protein. Thus, the high population of these resonances in
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both terminal segments of MBP suggests that stabilized secondary structure lies therein. A
precise and unequivocal delineation of the actin-binding regions of MBP awaits residue-
specific assignments.

MBP remains partially solvent-exposed when bound to lipid membranes

The primary physiological function of MBP is as a membrane linker, binding to and
stabilizing the lipid bilayers that form the myelin sheath (Harauz et al. 2004; Boggs 2006).
Numerous studies have shown an increase in stabilized secondary structure of MBP in a
lipid environment (reviewed in Smith (1992) and Harauz et al. (2004)). Thus, there is a need
to investigate the structural properties of MBP bound to lipids not only to mimic the primary
in vivo environment of the protein, but to also provide context to the various in vitro
biophysical studies conducted on MBP in the absence of lipids. Although some solution
NMR studies have been successful with short peptides derived from MBP bound to
detergent micelles (e.g., Farés et al. (2006)), the aggregation propensity of full-length MBP
for lipid vesicles makes an MBP:lipid sample suitable only for ssSNMR spectroscopic
investigations.

Peripheral membrane-associated MBP represents a very different system from that of the
microcrystalline (Igumenova et al. 2004), amyloid fibril (Siemer et al. 2006), or
transmembrane protein (Frericks et al. 2006; Li et al. 2008; Shi et al. 2009) samples for
which ssNMR spectroscopic residue-specific assignments have been achieved. Due to the
fast molecular motions inherent in MBP, which averaged the dipolar interactions, traditional
ssNMR techniques were not applicable and necessitated the development of a
complementary suite of NMR experiments to obtain sequence-specific assignments (Zhong
et al. 2007). These experiments combined the solution INEPT methodology with solid-state
MAS and high-power decoupling to study the mobile portions of MBP. The assignment
process was facilitated by a set of complementary three-dimensional constant-time
experiments. The NCOCX experiment correlated the amide nitrogen chemical shift with the
preceding residue’s C” and CX chemical shifts (i.e., N[]-C” [/-7]-CX[/-1]), whereas the
NCACX experiment provided both inter- and intra- residue correlations (i.e., N[/]-C%[/-1]-
CX[/-1] and N[]-C*[]-CX[/]). Additionally, C" [/-2]-N[A-C[A/CX[/] and C*[/]-N[]-C’
[/-1)/CX[/-1] correlations were provided by the CONCACX and CAN(CO)CX experiments,
respectively (Fig. 3A).

To maintain the long-term stability of the sample and reduce the complexity of the
MBP:lipid system, the synthetic short-chain lipids DMPC (1,2-dimyristoyl-smglycero-3-
phosphocholine) and DMPG (1,2-dimyristoyl-sr-glycero-3-[phospho-rac-(1-glycerol)])
were chosen. The one-dimensional experiments — CP-MAS, or INEPT — exploited different
polarization transfer mechanisms, and thus could report on regions of MBP with differing
dynamic properties (e.g., immobile vs. mobile). At low temperatures, the CP-MAS transfer
efficiency increased, whereas the INEPT efficiency decreased similar to what was observed
for MBP:actin complexes (Ahmed et al. 2009). This observation was indicative of the
mobile portions of MBP becoming more restrained, and thus confirmed previous
observations that when associated with lipids, portions of MBP remain highly
conformationally flexible (Bates et al. 2003; Musse et al. 2006).
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Using the aforementioned three-dimensional NCOCX/NCACX experiments, three-bond
correlations could be established that allowed for the classification of spin systems by
residue type (Fig. 3B). Specifically, 80 unique spin systems could be identified, and many
more systems recognised, though they remain ambiguous due to chemical-shift degeneracy.
The residues of MBP observed in these experiments lay within the solvent-exposed regions,
and were thus likely to be flexible. This motion resulted in limited dispersion and significant
degeneracy, particularly of the C* chemical shifts. These problems (which are inherent to
disordered proteins) were compounded by the fact that the NCOCX/NCACX experiments
only correlated two backbone carbons from one particular residue, making residue-type
assignment ambiguous for many amino acids. To overcome these difficulties, the three-bond
correlations provided by the CON-CACX/CAN(CO)CX experiments were able to remove
the ambiguity from some of the identified spin systems, and allowed for the sequential
linking of spin systems by the establishment of the C*[/]-C[/-Z] connectivity (Fig. 3A).
Using this assignment strategy, 62 of the 80 identified spin systems could be linked in non-
contiguous fragments, of which 49 were assigned to particular segments within MBP,
whereas the remainder were ambiguous due to sequence degeneracy (Zhong et al. 2007).

Chemical shift index analysis of the identified residues was employed to assess the relative
proportion of ordered secondary structure (Fig. 3C). Consistent with the high degree of
disorder of MBP, the majority of residues displayed random-coil like values with a few
exceptions. Specifically the His21-Arg23 stretch, along with Asp143, GIn145, Leu148, and
Leul54 had slight a-helical propensity based on their C* chemical shifts, consistent with
what was previously observed with the protein dissolved in 30% TFE-d, (perdeuterated
trifluoroethanol) (Libich et al. 2004). In an attempt to gather more sequential assignments, a
set of NOE spectra was collected by incorporating NOE-mixing into an HHCC experiment.
Although no inter-residue correlations were observed, cross-peaks were observed between
water and nearly all identified residues, indicating that these fragments of MBP were
solvent-exposed, and thus located either outside the lipid bilayer or in its hydrophilic
portion. Further evidence for the mobility of the observable portions of MBP was derived
from analysis of the 1°N line-widths (Fig. 3C), which were in the 0.5-0.8 ppm range for the
majority of residues, much larger than the expected 0.15-0.2 ppm range. Ruling out
instrumental imperfections and susceptibility effects, the most likely source of the observed
line broadening was conformational heterogeneity (Zhong et al. 2007).

The mobile segments observed were in almost contiguous runs (segments Thr15-Arg23,
Asp46-Ser67, Pro120-Leul48, and Leul54-Ser163), and correlated well with the
disordered segments that were independently observed by solution NMR spectroscopy of
MBP dissolved in 30% TFE-d, (Libich and Harauz 20086) (Fig. 4). Furthermore, the
unobservable resonances were a direct consequence of their reduced mobility of portions of
the protein, likely due to interactions with the lipid bilayer. Regions of MBP that contained
hydrophobic pairs (Phe42—-Phe43, Phe86—Phe87), as well as the entire Leu68-Lys102
stretch, had previously been shown by EPR spectroscopy to be embedded in the
hydrophobic portion of the bilayer where they would be significantly immobilized (Bates et
al. 2003), and were not observed in these experiments. In summary, the portions of MBP
characterized by these sSNMR investigations exist either exposed to solvent or in the
hydrophilic portion of the bilayer, and are thus available for other functions such as ligand
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binding. Future ssSNMR spectroscopic studies of membrane-reconstituted MBP would
benefit from a sensitivity improvement by full 2H13C15N-labelling of the protein (Ohki and
Kainosho 2008), in conjunction with paramagnetic relaxation enhancement studies to define
long-range interactions (Nadaud et al. 2009).

structural polymorphism of MBP

We have presented a synopsis of several recent NMR spectroscopic investigations of the
interactions of MBP with Ca2*-CaM, actin, and lipids—diverse yet physiologically relevant
contexts. In all of these assemblies, MBP displays molecular recognition fragments (Mohan
et al. 2006), and a degree of induced folding or coupled folding and binding (Hazy and
Tompa 2009; Mittag et al. 2009; Wright and Dyson 2009), as well as “fuzziness”, a
conceptual framework proposed by Tompa and Fuxreiter (2008). The results presented here
are summarized in Fig. 4, with specific reference to the 18.5 kDa murine MBP isoform (Fig.
4A). Solution NMR spectroscopic studies of the full-length protein in the membrane-
mimetic solvent (30% TFE-d,) defined 3 specific regions of MBP with strong a-helical
propensity: Thr33—-Asp46, Val83-Thr92, and Tyr142-Leul54 (Libich and Harauz 20084;
Harauz and Libich 2009) (Fig. 4B). These regions also have strong hydrophobic moments
(Harauz et al. 2009). The central (Val83-Thr92) segment is a primary immunodominant
epitope in multiple sclerosis, and has been shown by electron paramagnetic resonance (EPR)
spectroscopy to form an amphipathic, membrane surface associated a helix in situ (Bates et
al. 2003; Musse et al. 2006). Moreover, solution NMR investigations demonstrated that the
C-terminal segment of MBP was, indeed, the primary binding site for calmodulin in
solution, as indicated by contiguous chemical shift perturbations (Pro120-Arg160) (Libich
and Harauz 20085) (Fig. 4C).

Solid-state NMR studies of MBP-actin complexes indicated some induced disorder-to-order
transitions in both the N- and C-terminal regions, as well as in the central immunodominant
epitope (Ahmed et al. 2009). Shown in Fig. 4D are the regions of MBP most likely to form
secondary structure upon actin association, but a more precise delineation awaits residue
assignments. Finally, solid-state NMR spectroscopic investigations of MBP reconstituted
with artificial membranes (Zhong et al. 2007) showed that part of the protein was
immobilized by the interaction with the membrane, but a large portion of it was mobile
(Figs. 4E and 4F). The two immaobilized segments depicted in Fig. 4E corresponded to
regions with large hydrophobic moments that were predicted to be a-helical in organic
solvent (30% TFE-dy) by solution NMR spectroscopy (see Fig. 4B), viz., fragments Ser38—
Alad9 versus Thr33-Asp46, and Pro82-Pro93 versus Leu68-Lys102, respectively. These
same regions contain the Phe42—Phe43 and Phe86—Phe87 pairs that would be expected to
penetrate into the hydrophobic interior of the lipid bilayer and thus effect membrane
anchoring. As shown in Fig. 4F, the highly mobile fragments of membrane-reconstituted
MBP were found to be in almost contiguous runs: Thr15-Arg23, Asp46-Ser67, Pro120—
Leul48, and Leul54—-Ser163. These mobile segments were mostly disordered and exposed
to solvent, being likely located outside the lipid bi-layer, or in its hydrophilic portion. It
would be expected that these mobile portions of MBP would thus be available to bind, for
example, cytoskeletal and SH3-domain-containing proteins to the membrane. The extents of
the first two of these regions were in good agreement with membrane-penetration results
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from EPR spectroscopy (Bates et al. 2003), and correlated well with disordered regions
observed by solution NMR spectroscopy (Libich and Harauz 20086).

It is unclear why the segments Pro120-Leul48 and Leul54-Ser163 were mobile in this
semi-solid system (Fig. 4F)— they overlap the C-terminal segment (Tyr142—Leul54), which
was shown to have a strong a-helical propensity in 30% TFE-d, (Fig. 4B) (Libich and
Harauz 20085). Moreover, a C-terminal residue Ser159 Cys spin-labelled mutant examined
by EPR was found to be buried in the bilayer (Bates et al. 2003). The differences between
these various studies may be due to the different environments and lipid compositions,
which were dictated in large part by experimental requirements. On the other hand, a
relatively weaker membrane association of the C-terminal region of MBP may make it
accessible as a Ca2*—calmodulin target (Libich et al. 20034; Polverini et al. 2004; Libich and
Harauz 200854). In general, then, in association with lipid bilayers, long stretches of MBP
remain exposed to the bulk solvent (Fig. 4) to serve as binding sites for other proteins (e.g.,
cytoskeleton, CaM, SH3-domain) and modifying enzymes such as kinases, thus making
MBP a dynamic linker of the cytoplasm to the membrane. Further investigations using
complementary NMR methodologies, such as those described here, will serve to better
define the adaptability and conformational polymorphism of MBP in myelin, and to further
our understanding of how a disruption of the equilibrium of associations can result in myelin
instability and confound inherent attempts at repair in multiple sclerosis.
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Fig. 1.
Solution NMR spectroscopy of 18.5 kDa recombinant murine MBP (176 residues including

an LEHg tag) in association with Ca2*-CaM (Libich and Harauz 2008b). (A) The 1H-15N
HSQC spectrum of 1°N-labelled MBP in the presence of Ca2*-CaM. Of the 164 expected
backbone peaks, 145 were assigned. (B) Secondary structure propensity (SSP) of MBP
alone (top panel) and bound with CaM (bottom panel). The SSP score is interpreted as the
percentage of conformers in the disordered ensemble that exhibit ordered secondary
structure at a given residue (Marsh et al. 2006). The redistribution of propensities of
structural conformers in the C-terminus of MBP indicates increased stabilization resulting
from the binding of Ca2*-CaM. (Adapted from Libich and Harauz (20084) with permission.)
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Fig. 2.
Solid-state NMR spectroscopy of 18.5 kDa recombinant murine MBP in association with

actin filaments and bundles (Ahmed et al. 2009). (A) The 13C CP-MAS spectra and 13C
INEPT-MAS spectra of 13C,15N-labelled MBP in complex with actin shown as a function of
temperature. (B) Aliphatic region of TOBSY (total through-bond correlation spectroscopy)
13¢_13¢C correlation spectrum of MBP in complex with actin collected at 800 MHz. (C)
Expansions of the Ala C2—CP region, the Thr CP—CY region, and the Pro/Val C*—~CP region.
The dashed squares indicate random coil regions, and arrows indicate the trends of the
change in chemical shift as a function of type of secondary structure (a helix or g strand).
The chemical shifts observed in the TOBSY spectrum are compared with the predominantly
random coil chemical shifts observed for isolated MBP dissolved in 100 mmol-L™1 KCI
(Libich et al. 2007). (Adapted from Ahmed et al. (2009) with permission.)
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Solid-state NMR spectroscopy of 18.5 kDa recombinant murine MBP in association with
DMPC:DMPG membranes (Zhong et al. 2007). (A) Schematic representation of the triple-
resonance experiments used to obtain sequential assignments of lipid bilayer-associated 13C,
15N-MBP. Light-grey boxes enclose correlated residues with one-bond and two-bond (N[ -
C2[/-1]) polarization transfers indicated by solid and dashed arrows, respectively. (B) Two-
dimensional 13C-13C planes extracted from the three-dimensional NCOCX and NCACX
experiments. Sequence-specific assignments are indicated by the solid arrows. (C) Chemical
shift index analysis of assigned C* resonances and °N line-width analysis for assigned
residues. Tentatively-assigned residues in both panels are shown in grey. (Adapted from

Zhong et al. (2007) with permission.)
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Fig. 4.

Summary of solution and solid-state NMR spectroscopic investigations of 18.5 kDa MBP.
(A) The highly charged (+19 at neutral pH) recombinant murine version of the unmodified
C1 component (rmC1) has been used as the prototype for the family. The C-terminal LEHg
tag is not shown here. (B) Solution NMR spectroscopic studies of MBP in 30% TFE-d,
defined 3 specific regions with strong a-helical propensity: Thr33—-Asp46, Val83-Thr92,
and Tyr142-Leul54 (Libich and Harauz 2008b; Harauz and Libich 2009). (C) Solution
NMR investigations demonstrated that the C-terminal segment was the primary binding site
for calmodulin in solution, as indicated by contiguous chemical shift perturbations (Pro120-
Arg160) (Libich and Harauz 20084). (D) Solid-state NMR studies of MBP-actin complexes
indicated some induced disorder-to-order transitions in both the N- and C-terminal regions,
as well as in the central immunodominant epitope (Ahmed et al. 2009). (E and F) Solid-state
NMR spectroscopic investigations of MBP reconstituted with artificial membranes (Zhong
et al. 2007) showed that part of the protein was immobilized by the interaction with the
membrane (E), but a large portion of it was mobile (F).
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